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Mechanism Cumulative error {requency
Base pairing ~10"'-10"?
DNA polymerase actions (including base ~10-=10"*

selection and 3' = 5’ proolreading

exonuclease)
Accessory proteins (e.g.. single-sirand binding ~10-’

protein) i
Postreplicative mismatch correction ~=1 Qe (F;”am Nidlwé)_




Figure 12.7 Proofreading by DNA
polymerase and cancer incidence
A pont mutation has been introduced
nto the germ-line copy of the mouse
gene encoding DNA polyrnerase §, the
mammahan DNA polymerase that is

responsbie for the bulk of leadng and 100

RGong strand synthess. This mutation,

termed DI00A, alters the amino aod

sequence in the peocfreading domain of

the polymerase by specifying the
replacement of an aspartic acid by an

alarsne a1 retidue position 400 of the
polymerase molecule. Shown here i the
fate of 53 wald-type mice (+/4), 97 =
heterazygotes (+/0<2004), and 49 .
homozygous mutants (D400A/04004).

Deaths of the mutant homorygotes were

3l cue 10 malgnancies, these inchuded F
fymphomas, squamous cell carcinemas

of the skin, and several cther types of

cancer that occurred relatively

infrequently. Two of the heterozygotes

dhed from causes that were unrelated 10

cances, while the homozygous wikd-type

mice all survived 10 the age of one year.

Ther survival urves ace shown here in 0
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thes Kaplan-Meier plot. (From 0 2 4
RE. Goldsby, NA Lawrence, LE. Hays
etal, Nae Med. 7.638-639, 2001 )
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Cell genomes are under constant attack from

endogenous biochemical processes

The intracellular environment holds vet other dangers for the chromosomal
DNA. The greatest of these comes from the processes of oxidation, which may
inflict far more damage on DNA than the reactions mentioned above. Most
important here are the reactions that occur in the mitochondria and generate a
variety of intermediates as oxygen is progressively reduced to water:
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Some of fese intermediates, the so-called reactive oxygen species (ROS), may
leak out of the mutochondria into the cytosol and thence into the rest of the cell.
Included among these are the superoxide jon. hydrogen peroxide, and the
hydroxyl radical—the |nrwuln in the reactions listed above,
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ng@ 20.25 Alkylation of guanine by EMS. At the left is a normal
guangno—cytosine base pair. Note the free OB oxygen (red) on the
guanine. Ethylmethane sulfonate (EMS) donates an ethyl group (blue)

to the 06 oxygen, creating O6-ethylguanine (right), which base-pairs
with thymine instead of cystosine. After one more round of replication,
an A-T base pair will have replaced a G-C pair.
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Kelner, then at the Cold Spring Harbor Laboratory, was studving the elfecs of uv
eadution on <ertan strains of tlse fungus Srrapiomnies groc (102). Whike :vuvcv
tigaung the mfluence ol postirradiaton femperature on colony survival, Kelner
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witimately led 10 the recogmition of a specitic role of light i the recovery ol L\‘-

alon (

rradiated cells. Kelnee's own description of this discovery 1Bents quotation § 162)
T ool &
Catetul comwdes drm was made of varishle Lactors which mught have Mo we o
such tremendous vt We weee wung 4 elans- Sronted water hath ganes vo )
1abie near & window, in whah were wapersied Sramparent bettles wontammng the
treadiated spoees. The Lact that some of 1he Dxmtles were mude Arcutly expenad 1\;
light than wehers suggesied that Inghe mugha b 3 laceoe. Meaecovel the grEannt s
Sl CONUALEWE FECOVETY Wb R DECRIMINATY exgenments had takon e W
Pensons wored in tranporent botthes 3t room wmperature on anopen shell cxp ":’
10 dilluse lnghs feoun & window. Exgenmens shonwad 1hat exgumare of wlirav i
Inadiaced wusgensiom 10 S sed 1 A1 INCEEXE N WIVIVA rale v 2 H\\'n'l)'
of 100000 10 400,000 fold Ca ol Rept the Ams shomnd s 1o ,"l‘ Fl
all The magnitnde of the Sght elfect can bandly = wveremphavired Lhwe revosery

¢ wrie
was 30 much meoce coesplere (ham any JHeviousy deerveld that wy et w f
and cecnTTy

Jdealing bere with 3 key Lxtor n the mechann cauning IRV

froen wira vadet iraduation

- " { .
At about the same time, Renato Dulbecn (hen at the Departiment oF ““-
» v
teriology. Indiana University, reported the sanie phenomenon in 10e T group of
coliphages (19), He wrote that

adiancd phage Was e wed

the occuttence of phoso-reactivation of witra- ikl e
y carwnt feom De. A

accudeneally 3 few weeks alter reveving a peronsl Comni

Kcloer that Be had dacovered (oovony o ultsa violket icated spocey ol A.hrxwwm
WP CApOSRIE S0 visibie bght, T am mlormed by I¥ Kelner thas Sa ru:,.-u A"' w
course of peblicatoa My obscrvason mdcates the correctnens of De, Kelaers g
gewson 1hat the phenomenon dncovered by bam may be of gonczal uccurene for

a number of otogiesl olyects F( ..a‘ b«' (3

6-4) phOI0D 0BwEL

Table 1-1 Biological responses to DNA damage

Reversal of base damage

Excision of damaged, mispaired, or incorrect bases
Base excision repair (BER)
Nucleotide excision repair (NER)
’h‘ahscrip(ion-cuuplcd nucleotide excision repair (TC-NER)
Alternative exdsion repair (AER)
Mismatch repair (MMR)

Strand break repair
Single-strand break repair (SSBR)
Double-strand break repair (DSBR)

Tolgrance of base damage
Translesion DNA synthesis (TLS)
Postreplicative gap filling
Replication fork progression

Cell cycle checkpoint activation

Apoptosis
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Figure 28.39 Uracil repair. Uridine bases in DNA,
formed by the deamination of cytidine, are excised
and replaced by cytidine.

Table 4-2 DNA glycosylases S

Enzyme

Substrate

Products

Ura-DNA glycosylase
Hmu-DNA glycosylase

5-mC-DNA glycosylase
Hx-DNA glycosylase
Thymine mismatch-DNA
glycosylase
MutY-DNA glycosylase
3-mA-DNA glycosylase [

3-mA-DNA glycosylase I

FaPy-DNA glycosylase

5,6-HT-DNA glycosylase
(endonuclease 1)

PD-DNA glycosvlase

DNA containing uracil

DNA containing
hydroxymethyluracil

DNA containing 5-
methylcytosine

DNA containing
hypoxanthine

DNA containing G-T
mispairs

DNA conuaining G-A
mispairs

DNA containing 3-
methyladenine

DNA containing 3-
methyladenine.7-
methylguanine, or
3-methylguanine

DNA containing
formamidopyrimidine
moieties, or 8-
hydroxyguanine

DNA conuaining 5.6-
hydrated thymine
moieties

DNA containing pyrimidine
dimers

Uracdil + AP sites

Hydroxymethyluracil +
AP sites

S-methylcytosine + AP
sites

Hypoxanthine + AP
sites

Thymine + AP sites

Adenine + AP sites

3-Methyladenine + AP
sites

3-Mcthyladenine, 7-
methylguanine, or 3-
methylguanine + AP
sites

2,6-Diamino-4-hydroxy-
5-N-
methylformamido-
pyrimidine and
8-hydroxyguanine +
AP sites

5.6-Dihydroxydi-
hydrothymine or 5.6-
dihydrothymine + AP
sites

Pyrimidine dimers in
DNA with hydrolyzed
S’ glycosyl bonds +
AP sites
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FiG. 3 UDG-DNA Interactions. Nucieotide numbering ro:ec‘y‘.«-; l!nc 5-3
direction starting from the uracil-containing strand (strand 1). DNA' :).JSM
are green, and phosphates are grey. Hydrogen-bond interactions with D 4’?
are shown for amino-acid side chains (solid iines), and olock!{)".n atoms
(dashed lines). Only one stacking interaction is shown for Phe 138‘10 “"’f’ |
(thick broken line). Protein-DNA interactions are concentrated fJOﬂg the
sugar-phosphate backbone of strand 1 near the flipped-out nucleotide.

A nucleotide-flipping
mechanism from the structure
of human uracil-DNA
glycosylase bound to DNA

Geir Slupphaug™*, Clitford D, Molt, Bodil Kawvii®,
Andrew S, Arvail, Hans E. Krokan® & John A. Tainert

* UNIGEN Center for Mamcutar Boogy, The Norwegan Unnersty of
Science ana Tectnaiogy, N-T00S Tronchen, Norway

f Deparument of Moleculy Diclogy, MB.-4, The Scropn Research Instituse,
10550 Norn Torrey Pnes Rodd. La Josa, Cavforna 92037, 1027, USA

ANy uracil bases im DNAL 2 result of either misincorporation or
deamization of cytosine, are removed by uraal-DNA glyeasylase
(UDG), one of the most eMicient and specific of the base-excision
DNA-repair enzvnes’. Crystal structures of human™ and wral'
UDGs complexed with free uracl have indicated that the enrvee
binds a0 extrabelical uraal Suck binding of undamaged extra-
Belical bases has been seen n the structures of twe bactersal
methyitraasferases™ and dacteriophage T4 endonuctease V (ref,
T Here we charactenze the DNA binding and kinetics of several
eogineered Suman UDG mutants and present the crvstal strue-
ture of one of these, which to our knowledge represents the fiest
structure of 3av eukarvotic DNA repair enzyrae io complex with
iy damaged. target DNAL Electrostatic orsentation along the
UDG active site, insertion of an amine scid (rexi 222} into
the DNA thesagh the mingr groave, and compeession of the DNA
backbome Hanking the aracil all result 1o the Npping oul of the
d‘.’,‘lfs?d,_b'" from the DNA major groove, sllowing specitic
recognition of its phosphate, deoxyribose and uracil moseties,
Owur structure thus provides 3 view of 3 productive complex
specific for cleavage of wrac! from DNA and also reveals (he
basis for the enryme-assisted nuclentide Hipping by this critical
DNA-repair enzvine.

UDG belongs to the base-excison repair nathway that repsirs
the more than 10,000 bases damaged Jailv 1a cach human c=il*
The most commoa forms of DNA Jamage occur hy audanon
Jepunmation. alkviation and deaminanica. Cviosine deaminats
alone amounts ta 100300 yraal bases per cell per dav

hom Nafure 384,87, 199¢
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| Excision of a
| 12-nucleotide fragment
by uvrABC excinuclease
DNA synthesis by
DNA polymerase |
——
Joining by
DNA ligase
Figure 2838

Figure 28.38 Nucleotide-excision repair. Repair
of a region of DNA containing a thymine dimer by the
sequential action of a specific exinuclease, a DNA
polymerase, and a DNA ligase. The thymine dimer is
shown in blue and the new region of DNA is in red.



Table 7.2 Genes affected in XP patients, and encoded proteins

Human  Protein Function Homologous to  Analogous t
Gene S. cerevisiae E. coli
XPA Binds damaged DNA Radl4 UvrA/UvrB
XrB 3" to 5" helicase, component  Rad23 UvrD
of TFITH
Xrc DNA-damage sensor (in Rad4
complex with hHR23B)
Xrp 5"to 3" helicase, component  Rad3 UvrD
of TFIIH
XPE Binds damaged DNA UvrA/UvrB
XPF Works with ERRCI to cut Radl UvrB/UvrC
DNA on 5 side of damage
XPG Cuts DNA on 3’ side of Rad2 UsrB/UvrC
damage
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Figure 28.36 Mismatch repair. DNA mismatch repair in £
coli is initiated by the interplay of MutS, Mutl, and MutH

lmm. proteins. A G-T mismatch is recognized by MutS. MutH
cleaves the backbone in the vicinity of the mismatch. A
-~ —TTTT segment of the DNA strand containing the erroneous T is
: T removed by exonuclease 1 and synthesized anew by DNA
polymerase III. [After R. F. Service. Science 263:1559-1560,

1994.]
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Hemimethylated sites

Fully methylated sites

The undermethylated
strand is repaired.

Mismatch repair of methylated DNA. Imme-
diately after replication, newly synthesized
DNA (light gray) is undermethylated.

A mismatch-repair mechanism recognizes
the new DNA and selectively repairs the
newly synthesized strand using the parental
strand as a template. (Methylated bases are
identified by orange dots.)

DNA is damaged by double-strand breaks

Formation of double-strand breaks

A lonizing radation
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Figure 16-1 DNA damage can interfere with the progress of replication forks and lead to the gen-
eration of various stractures. (A) DSB can be created directly by lonkzing radiation and certain
other agents. (B and C) A DSB can be generated by a replication fork encountering a nick in the
Jeadiing-strand template (B) or by a replication fork encountering a nick in the Lagging-strand tem-

plate (C) (note that the DSB could have a 3° single strand overhang). - .
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avi. A DNA DSB can be resealed by
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Figure 15-1 Translesion synthesis. A polymerase incorporates

an.'i:monca nucleotide opposite a noninstructional or misin-

«*ructive lesion (represented by the gold circle) and then contiypU€s O ¥
—_—— Lo

To other genes controlled
by LexA repressor

Figure 14-1 Diag atic repr ion of the mechanism by
which the lexA-recA regulon is regulated. In the uninduced state
(top). LexA repressor protein constitutively expressed in small
amounts is bound 1o the lex4 operator and to the operators of the
recA gene and other genes under LexA control. These genes are still
able to express small amounts of the proteins they encode; thus,
there is some RecA protein constitutively present in uninduced
cells. Following DNA damage (c.g., the presence of a pyrimidings,
dimer near a replication fork after induction by UV radiation). ghe
coprotease activity of existing RecA protein is activated;probably
by binding to the ssDNA in the gaps created by discontinuous DNA
synthesis past the dimers (bottom). The interaction between LexA
and activated RecA results in the proteolytic cleavage of LexA. In
the induced state (bottom), derepression of the reca ™ gene results
in the production of large amounts of RecA protein. Other genes
under LexA control are also derepressed, although not necessar-
ily with identical kinetics. When the inducing signal disappears
(probably by repair of the single-strand gap). the level of active co-
protease drops, LexA repressor accumulates, and genes under
LexA control are once again repressed.




A. Wild-type yeast, no irradiation

Viable cells

B. Wild-type yeast
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Pigure 20-3 The basic observations of checkpoint arrest in bud-
ding yeast. (A and B) When irradiated with X rays, wild-type §
cerevisiae cells arrest as a large-budded cell in G,/M, presumably to
allow time for DNA repair before resuming cell cycde progres-
shon. (C) A repair-defident mutant such as a rad52 mutant stays
amrested in Gy/M and cannot resume cell division. (D) An arrest
deficient mutant such as a rad9 mutant does not arrest in G,/M but
continues cell cyde progression in the presence of unrepaired
DNA damage, resulting in the formation of microcolonies of dead
cells

Checkpoint Pathways in S. Cerevisiae
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